Neurofibromatosis type 1 (NF1) is associated with reduced adult height, but there are no cohort studies on birth size. This retrospective study includes a cohort of 
sphenoid dysplasia, and first-degree relative(s) with NF1 (National Institutes of Health Consensus Development Conference., 1988) .
Mutation analysis can confirm the diagnosis when there is a strong suspicion of the disorder but the clinical criteria are not fulfilled.
NF1 is a multi-system disorder, and patients with NF1 have an increased risk for cancer (Uusitalo et al., 2016 , skeletal fractures (Heervä et al., 2012) , speech defects (Alivuotila et al., 2010) , cardiovascular abnormalities (Friedman et al., 2002; Lin et al., 2000) , congenital anomalies (Leppävirta et al., 2018) , and learning disabilities (Krab et al., 2008) . NF1 is also associated with pregnancy and delivery complications, including an increased risk for cesarean delivery, gestational hypertension, preeclampsia, preterm labor, intrauterine growth restriction (IUGR), placental abruption, and maternal cerebrovascular disease Terry et al., 2013) .
To our knowledge, cohort studies characterizing the birth size of persons with NF1 have not been carried out. There are a few case series which suggest that the birth weight among infants born to NF1 mothers might be decreased (Segal et al., 1999; Sharma, Gulati, & Malik, 1991) . This is also supported by the finding that the frequency of IUGR, commonly defined as birth weight below 10th percentile for gestational age, is increased among NF1 mothers Terry et al., 2013) . Information on the weight of the children with NF1 is even more limited, but it has been reported that the weight of NF1 children has been similar to control subjects throughout the growth period (Clementi et al., 1999) . Several studies have shown that the final height of adults with NF1 is reduced compared to the general population; the reported frequency of short stature is 7-43% (Carmi, Shohat, Metzker, & Dickerman, 1999; Clementi et al., 1999; Soucy et al., 2013; Szudek, Birch, & Friedman, 2000; Vassilopoulou-Sellin, Klein, & Slopis, 2000) . Carmi et al. (1999) observed that a short stature was more frequent than expected among persons with familial and sporadic NF1, but that growth was more severely impaired in the former group (Carmi et al., 1999) . In a study involving 170 NF1 persons (where individuals were excluded if they had observed risk factors for disordered growth, such as skeletal abnormalities and precocious puberty), height was adjusted for parental height (Soucy et al., 2013) . It was found that the height of persons with NF1 was decreased compared to the general population. In addition, the height of persons with NF1 was significantly decreased compared to unaffected siblings. It is known that persons with NF1 due to a NF1 microdeletion are, on average, taller than the general population (Ning et al., 2016; Spiegel et al., 2005) , but the height in early infancy is not different in comparison to persons with NF1 due to other types of mutations (Ning et al., 2016) .
There are no epidemiological data available on the head circumference at birth of NF1 infants, but by adolescence, the head circumference of persons with NF1 is larger compared to controls . In addition, the head circumference-to-height ratio is increased among children with NF1 already in early childhood. In a Finnish study, the median age when the head circumference-to-height exceeded the reference values by at least 2 standard deviation scores (SDS) was only 0.3 years (Karvonen et al., 2013) .
Low birth weight has been associated with many perinatal complications and health issues later in life, such as increased all-cause mortality, mortality from cardiovascular diseases, risk for childhood stunting, wheezing disorders in childhood, and coronary heart disease.
High birth weight may be associated with type 1 diabetes mellitus, leukemia, and overweight in adulthood (Belbasis, Savvidou, Kanu, Evangelou, & Tzoulaki, 2016) . The aim of the present register-based total population study was to characterize the birth size of persons with NF1. In addition to what is known about the associations between birth size and health outcomes, an aim was to examine if birth size reveals new aspects of the effects of NF1 on growth.
| MATERIALS AND METHODS

| Ethical considerations
This study complies with the Declaration of Helsinki, and the study protocol was approved by the Ethics Committee of the Hospital District of Southwest Finland. Permission to run the study was obtained from the National Institute for Health and Welfare and from all secondary and tertiary referral centers in Finland.
| Study population
The NF1-cohort consisted of 1,410 persons with NF1, including 678 males and 732 females, acquired by searching the electronic medical registers of all secondary and tertiary referral centers of mainland Finland for inpatient and outpatient hospital visits between 1987 and 2011 accompanied with a diagnosis code for NF1. The medical records of the persons were then carefully manually reviewed to ensure that the NIH clinical criteria for NF1 were fulfilled. For the comparison cohort, 10 non-NF1 persons, excluding first degree relatives to persons with NF1, matched for sex, age, and municipality were randomly sampled from the Population Register Centre of Finland. For 26 persons with NF1, the full number of matched persons from the general population was not acquired because of the small size of the municipality.
| Data source
Each resident in Finland has a unique personal identity code, which is based on date of birth and sex. The code remains unchanged throughout the person's lifetime and is used to identify individuals, for example, in hospitals and medical registers. As the code remains unchanged, it can be used to follow-up the person and cross-link data between national registers. The Medical Birth Register of Finland is maintained by the National Institute for Health and Welfare and covers the data of all live births and of those stillbirths where the neonate has a birth weight of at least 500 g or a gestational age of at least 22 weeks. The register contains data on infants and their mothers (Gissler & Shelley, 2002; Teperi, 1993) . For the current study, information from January 1, 1987 to December 31, 2013 was collected.
For the infants, data on gestational age, weight, and length were available since 1987 and on head circumference since 2004. Gestational age at birth was calculated from the last menstrual period and sonography screening. Birth weight, birth length, and head circumference were measured during the first hour after delivery. For the mothers, age, parity, and smoking during pregnancy were available since 1987. Weight and height of the mother before the pregnancy and the presence of gestational diabetes were available since 2004.
The association between NF1 and birth size was studied by comparing separately the birth size of infants with NF1 with matched infants in the comparison cohort and infants of NF1 mothers with infants of matched mothers in the comparison cohort. Analyses were also carried out by stratifying the NF1-cohort by NF1 diagnoses of the infant and the mother to form the following groups:
• NF1 infants of NF1 and non-NF1 mothers (all NF1 infants)
• NF1 infants of non-NF1 mothers
• NF1 infants of NF1 mothers
• NF1 and non-NF1 infants of NF1 mothers (all infants of NF1 mothers)
• non-NF1 infants of NF1 mothers Often, the diagnosis of NF1 cannot be ascertained at birth but usually by age of 5 (DeBella, . Therefore, only infants born before January 1, 2007 were included in the analyses where the effect of the infant's NF1 was studied to ensure that the persons with NF1 were reliably included in the cohort. Because the risk for fetal and neonatal complications is increased in twin pregnancies (Cheong-See et al., 2016) , multiple pregnancies were excluded from the analysis. Birth weight, length, and head circumference were analyzed by converting the measured values into SDS, defined as the standard deviation difference in comparison to the reference population adjusted for gestational age, sex, and parity (Sankilampi, Hannila, Saari, Gissler, & Dunkel, 2013) . When the information on parity was missing, only sex-and gestational-age-specific reference values were used. Birth size measures were used to classify the neonates as small for gestational age (SGA, <−2 SDS), appropriate for gestational age (AGA, ≥−2 SDS and ≤2 SDS), and large for gestational age (LGA, >2 SDS) . To analyze the length-weight-ratio of infants, the body mass index (BMI), defined as (birth weight/birth length 2 ), was calculated for each infant.
| Statistical analysis
Continuous variables were analyzed with a linear-mixed model and categorical variables with a generalized mixed model with binomial distribution. Random intercepts were used in the analyses to take into account case-control matching and multiple offspring. When the statistical model was not estimable with two random intercepts, only one random intercept for the study person code of the mother was used, because this had more effect on the model parameters than casecontrol matching. Parity was analyzed by Poisson's regression with a random intercept for the person code of the mother. Analyses were adjusted for maternal age, smoking during pregnancy, and year of the delivery, because these factors are known to have effect on birth size (Bakker et al., 2011; Jaddoe et al., 2008; Sankilampi et al., 2013) . The analyses of BMI were also adjusted for parity, gestational age, and sex of the infant. Because gestational diabetes, maternal height, and maternal weight are also known to associate with birth size (Ehrenberg, Mercer, & Catalano, 2004; Griffiths, Dezateux, & Cole, 2007) vs. 3,552 g, p < 0.001), and BMI (13.5 vs. 14.0 kg/m 2 , p = <0.001)
were significantly smaller among infants of NF1 mothers than among infants of the matched mothers in the comparison cohort.
| Birth weight
Weight at birth stratified by the NF1 diagnoses of the infant and mother, described as mean SDSs, is presented in Table 3 . The birth weight of the NF1 infants was statistically significantly higher than included and the analysis was adjusted for gestational diabetes, maternal height, and maternal weight, the differences in the proportion of infants born SGA lost statistical significance.
| Birth length
The birth length of the infants with NF1 did not differ significantly from the matched infants in the comparison cohort ( "NF1 or non-NF1/NF1" refers to all children with NF1. "NF1/NF1 or non-NF1" refers to all children of mothers with NF1. Abbreviations: CI, confidence interval; SDS, standard deviation score (difference in comparison to reference population adjusted for gestational age, sexand parity); SE, standard error. "NF1 or non-NF1/NF1" refers to all children with NF1. "NF1/NF1 or non-NF1" refers to all children of mothers with NF1. Abbreviations: CI, confidence interval; SDS, standard deviation score (difference in comparison to reference population adjusted for gestational age, sex and parity); SE, standard error. also for gestational diabetes, maternal weight, and maternal height, the differences in the proportion of infants born SGA lost statistical significance.
T A B L E 4 Birth length of infants with NF1 and infants of NF1 mothers compared to comparison cohort
| Head circumference
The head circumference at birth of infants with NF1 was significantly larger than among infants in the comparison cohort (Table 5) 
| DISCUSSION
To our surprise, and probably against a general assumption, infants born with NF1 weigh more than infants without the disorder. In contrast, if the mother has NF1, the weight and length of the infant are smaller, independently of the weight and height of the mother. These conclusions are further supported by the observation that the effects were more pronounced in the subgroups where only the infant or only the mother had NF1.
No prior population-based studies on the birth size of NF1 infants or infants of NF1 mothers have been published. In some reported case series of NF1 mothers, the birth weight of the infant has been low, which could be due to the way subjects have been recruited (Segal et al., 1999; Sharma et al., 1991) . However, in a study on 247 pregnancies of 105 females with NF1, the mean birth size of neonates was no less than 3,374 g and the rate of IUGR was not increased. Importantly, however, there was no control group in that study (Dugoff & Sujansky, 1996) . Epidemiological studies of pregnancies and deliveries among mothers with NF1 have reported an increased frequency of IUGR Terry et al., 2013) , which is consistent with our findings among NF1 mothers. The reported rate of NF1 caused by microdeletion covering the NF1 gene is 4.7-11% (Kehrer-Sawatzki, Mautner, & Cooper, 2017) . This aberration is associated with overgrowth (Ning et al., 2016; Spiegel et al., 2005) . However, as accelerated growth is not evident in early childhood (Ning et al., 2016) , microdeletions do not explain the increased weight of NF1 infants observed in our cohort.
In our study, the head circumference at birth was increased among infants with NF1, which is supported by the prior finding that the head circumference-to-height ratio is increased already in early childhood in NF1 (Karvonen et al., 2013) . There are no previous data on birth length or BMI of infants with NF1 or infants of NF1 mothers.
In addition to an increased mean birth weight of NF1 infants, the proportion of NF1 infants born LGA with regard to weight was increased.
LGA predisposes to multiple obstetric complications, adverse neonatal outcomes, and complications later in life (Walsh & McAuliffe, 2012) . The occurrence of a head circumference >2 SDS was increased among NF1 infants, and, likewise, a large head circumference is associated with complications, for example, emergency cesarean section during labor (Elvander, Högberg, & Ekéus, 2012) .
These findings could also partly explain the observed increased risk for cesarean sections in NF1-related pregnancies Terry et al., 2013) . The infants of NF1 mothers were born SGA regarding weight significantly more often than the infants of mothers in the comparison cohort, but the result lost statistical significance when including only infants born since 2004 and adjusting for gestational diabetes, maternal weight, and maternal weight. Thus, the increased proportion of infants born SGA regarding weight could also be explained by the effects of these confounding factors. However, this is not supported by the model parameters but the loss of statistical significance is more probably caused by the decreased statistical power. Regardless of the explanation for the result finding is clinically important as SGA is known to be associated with increased risk for several short-and long-term complications of the infant (Sharma, Shastri, & Sharma, 2016 ).
In the current study, all diagnoses of NF1 were confirmed by scrutiny of the medical records, which is a strength compared to studies where diagnoses are based only on register data. This was highlighted in our study, as a large number of persons with a diagnosis of NF1 in their medical records had to be excluded from the final study cohort because they failed to fulfill the NIH clinical criteria (Uusitalo et al., 2015) . The personal identity code connected to medical registers made it possible to study the birth size of the infants retrospectively but comprehensively. This also provided an opportunity to study subgroups where the effect of the mother and the infant could be evaluated separately. In addition, the cohorts of patients with NF1
and comparison cohort were acquired independently of the Medical Birth Register which reduces any possible bias related to birth size.
A major limitation of our data is the lack of information on gestational diabetes, maternal weight, and maternal height in the pregnancies before 2004. This decreases the power of the analyses in the subgroups due to less data. However, the main results remained statistically significant also when analyzing only the births since 2004
and adjusting for gestational diabetes, maternal weight, and maternal height. Also, a lack of information on paternal height is a limitation in our study. Approximately one quarter of the fathers of the NF1 infants have NF1. The height of the father and the neonate correlate positively (Pietiläinen et al., 2001) , whereas the mean adult height of the NF1 patients is reduced, and the paternal effect on the birth size of infant would, if anything, probably counteract our finding that infants with NF1 have an increased birth weight. Thus, including paternal weight and height as confounding factors in the analyses would not probably explain the finding that NF1 of the infant increases birth weight, but would further increase the statistical significance of the finding. Due to the relatively small population of Finland, the number of persons in the subgroups is limited. However, the close scrutiny of the medical records, as done in our study, to confirm the diagnosis of NF1 would be difficult with bigger study cohorts. Longterm effects of birth size on health are known in the general population, but the subject has not been studied among patients with NF1.
Thus, we do not know whether the generally known long-term effects of birth size apply to patients with NF1.
NF1 increases brain volume leading to macrocephaly (Greenwood et al., 2005; Said et al., 1996) . In our study, this is evident already among newborns, but an increased head circumference alone does not explain why NF1 infants have an increased birth weight. Increased weight at birth could be linked to altered fat and glucose metabolism or to retention of fluid during the perinatal period. Interestingly, at least two other Rasopathies, Costello and Noonan syndromes, are associated with fetal overgrowth, but the pathophysiology of the overgrowth is unclear (Smith, Podraza, & Proud, 2009) . Further studies including body composition and morphometric analyses of NF1 infants at birth are needed to specify the mechanisms leading to increased weight at birth. Following the weight during the first weeks after birth would reveal if there are differences in weight loss and weight regain compared to the general population.
| CONCLUSION
NF1 infants have significantly higher values for weight, head circumference, and BMI than non-NF1 infants. In contrast, the length and weight of infants of mothers with NF1 are decreased. Both increased and decreased birth size are associated with perinatal morbidity, mortality, and health issues later in life (Belbasis et al., 2016; Boulet, Alexander, Salihu, & Pass, 2003; Morken, Klungsøyr, & Skjaerven, 2014) . NF1-related pregnancies require close monitoring during the pregnancy and the method of delivery should be assessed carefully.
Because the risk for complications during the neonatal period may be increased, the neonate should be evaluated carefully. 
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